In this work, we discuss the mixing thermodynamics of cubic (B1) Ti 1−x Al x N/TiN(001) multilayers. We show that interfacial effects suppress the mixing enthalpy compared to bulk Ti 1−x Al x N. The strongest stabilization occurs for compositions in which the mixing enthalpy of bulk Ti 1−x Al x N has its maximum. The effect is split into a strain and an interfacial (or chemical) contribution, and we show that both contributions are significant. An analysis of the local atomic structure reveals that the Ti atoms located in the interfacial layers relax significantly different from those in the other atomic layers of the multilayer. Considering the electronic structure of the studied system, we demonstrate that the lower Ti-site projected density of states at F in the Ti 1−x Al x N/TiN multilayers compared to the corresponding monolithic bulk explains a decreased tendency toward decomposition.
I. INTRODUCTION
Superhard materials have been synthesized in the form of superlattices, such as TiN/V(Nb)N [1] [2] [3] and ZrN/CN [4] , or as nanocomposites, ZrN-SiN [5] , etc. Three major effects-the lattice strain (coherency) and elastic mismatch [6] and the interfacial chemistry-are generally attributed to the observed interfacial strengthening [7] . It has been shown that in multilayers with coherent interfaces, the relevant one is the coherency strain effect [8] . However, one should stress that decoupling the strain or lattice mismatch effects from the chemical ones is not straightforward.
Ozoliņš et al. [9] have developed a theoretical approach to discuss the ab initio thermodynamics of immiscible superlattices. In this technique, one splits the superlattice formation energy into a constituent strain and interfacial or chemical contribution, which allows for a separation of the strain effects from the chemical ones. Crystallographic investigations (diffraction-based techniques such as XRD, TEM, etc.) of multilayers access lattice parameters and interlayer distances that are affected by the interfacial chemistry. Therefore, the extracted coherency strain is not equal to the derived theoretical constituent strain.
In Ti 1−x Al x N/TiN(001) multilayers, extended age hardening is observed [10, 11] by the spinodal decomposition of Ti 1−x Al x N [12] . Understanding the role of lattice coherency and interfacial chemistry on the driving force of this decomposition process is unexplored. However, modeling multilayers built from alloys is a theoretical challenge [13] . Van de Walle used the cluster expansion technique to predict the compositional profile in Samarium-doped coherent Ceria superlattices [14] , and convergence was achieved with the inclusion of 70 000 atoms. Advanced theoretical investigations based on the special quasirandom structure (SQS) approach [15] have exposed the electronic origin of the thermodynamic instability in Ti 1−x Al x N alloys [12] . Recent * feiwa@ifm.liu.se molecular-dynamics simulations confirm the high positive value of the mixing free energy in Ti 1−x Al x N alloys at elevated temperature [16] .
In this work, we investigate the effect of lattice coherency on the mixing thermodynamics in cubic (B1) Ti 1−x Al x N/TiN(001) multilayers. We extend the method by Ozoliņš et al. [9] to multilayers with alloys, and we introduce a decomposition of the observed effect into strain and chemical (interfacial) contributions. We base our description on the concept of coherency strain rather than the constituent one because it allows us to connect the results of the simulations to an experimental interpretation. We propose that both strain and interface chemistry contribution are important, and we show that the chemical effect gives rise to a displacement from the ideal positions of the Ti atoms on both sides of the interface. By calculating the Ti-site partial density of states, we reveal the electronic contribution to the stabilization of Ti 1−x Al x N/TiN(001) multilayers.
II. CALCULATIONAL DETAILS
The multilayer (ML) structures were generated by sandwiching 1 monolayers of B1 Ti 1−x Al x N between 2 monolayers of B1 TiN periodically along the [001] orientation. The two cubic slabs form a coherent interface. The in-plane size of the models was (3 × 3) based on the B1 conventional cell. We generated multilayers with two different periodicities, i.e., 1 / 2 was either 6/6 or 12/6. The alloys were modeled within the special quasirandom structure approach [15] with an Al mole fraction (x) grid starting from 0 up to 1 using steps of 1/9. The atomic configurations in the Ti 1−x Al x N supercells were obtained by minimizing the Warren-Cowley pair short-rangeorder (SRO) [17, 18] parameters up to the seventh nearestneighboring shells in the metal sublattice while demanding the same Al concentration in each monolayer [13] . This provides an alignment of the ML models for different x. The assumption of a sharp compositional interfacial region is valid if the interface thickness is negligible with respect to the slab thicknesses of both Ti 1−x Al x N and TiN. Furthermore, Chu and Barnett [19] have investigated superlattices with finite interface width using a phenomenological model that provided quantitative agreements with experiments for nitride superlattices. They predicted larger interfacial strengthening for sharper interfaces.
The mixing enthalpy in the Ti 1−x Al x N/TiN(001) multilayer is calculated by the energy difference
where N is the total number of atoms in the Ti 1−x Al x N slab; E A denotes the total energy of material A with layers along (001), which is taken for the calculated equilibrium volume for each specific system and composition.
The total energy calculations were performed within density functional theory (DFT) using the projector augmented wave (PAW) [20] approach implemented in the Vienna Ab initio Simulation Package (VASP) [21] [22] [23] . The exchangecorrelation energy was approximated by the PerdewBurke-Ernzerhof generalized gradient functional (PBE-GGA) [24, 25] . In the calculations, we applied a plane-wave cutoff energy of 400 eV, and reciprocal-space integration was performed within the Monkhorst-Pack scheme [26] using k-meshes of (4 × 4 × 2) for 1 / 2 = 6/6 and (3 × 3 × 1) in the case of 1 / 2 = 12/6. These parameters result in ≈ 1 meV/at accuracy in the mixing enthalpy. The structural parameters of the SQS supercells were relaxed while keeping the tetragonal cell shape. The total and projected densityof-states calculations were done on the relaxed structures using a higher k-mesh: (6 × 6 × 3) for the 6/6 multilayer and (6 × 6 × 6) for bulk. The energy cutoff was then changed to 520 eV. Figure 1 shows the calculated mixing enthalpies of Ti 1−x Al x N in multilayers (MLs) compared with its monolithic (bulk) form. The bulk values match well with other literature [12] . All the mixing enthalpy values are positive, indicating a thermodynamic driving force toward phase separation. The ML mixing enthalpies are significantly suppressed with respect to the bulk values, which means that in the multilayer structure the coherent TiN confinement has a stabilization effect on the Ti 1−x Al x N slab. It confirms the differential scanning calorimetry observation that Ti 1−x Al x N slabs in multilayers have an improved thermal stability [10] . The stabilization effect is smaller in the thicker 12/6 ML as the overall system is more similar to the bulk alloy. However, this decrease is not just an arithmetic consequence of having twice as many atoms in the 12/6 ML; see the dashed lines in Fig. 1 .
III. RESULTS AND DISCUSSION
Furthermore, the ML curves maxima show the same asymmetric shift to higher compositions as in the bulk. Comparing the 6/6 and 12/6 MLs, one sees that this tilting toward higher compositions is lower in the 12/6 case, which suggests a compositionally increasing term that is gradually decreasing with increased periodicity. A quantity that behaves in this way is the in-plane lattice mismatch (strain) shown in multilayer is significantly larger than B1-AlN. One also sees that this in-plane lattice mismatch is larger in the 12/6 ML than in the 6/6 ML [higher gradient of a || (x)], which correlates with the smaller stabilization effect observed for 12/6 ML in Fig. 1 . Figure 3 shows the calculated averaged interlayer distances d using the fully relaxed structures of the MLs. It is seen that at each composition x one observes mainly three branches of points. Inside the Ti 1−x Al x N slab, the interlayer distance scatter is small while in the TiN slab one finds two branches. surface) are 4.15 and 4.263Å, respectively. The corresponding interlayer distances are also plotted in Fig. 3(b) as green triangles. Focusing only on the Ti 1−x Al x N slab, one sees that for any x it shrinks less in the 12/6 ML than in the 6/6. This is in accord with that observed in Fig. 2 , and therefore the same stabilization argument can be used. The fact that these two figures coherently express the strain effect on the mixing enthalpy of the multilayers suggests that the structural misfit can be used as a partial measure of the relative energetics of the multilayer.
To quantify the full effect of strain on the mixing enthalpy in Eq. (1), one needs to include both the coherent in-plane lattice parameters and the modified lattice structure along the (001) growth direction. One can assume that an experimental structure analysis of the thick multilayers that are grown in practice would result in three peaks for the interlayer distances 
Here E is the energy of a multilayer with a periodicity of 1 / 2 when using the optimized averaged lattice parameters with no chemical interaction through the interface. E stands for the total energy, a 
The overall chemical (interfacial) stabilization can be obtained by subtracting the latter one from the former. One should note that the binding energy in Ti 1−x Al x N/TiN(001) is mostly positive, which says that it costs extra energy to build the interface. However, this energy is less than what one obtains for the AlN/TiN(001) interface. Therefore, the decomposition of Ti 1−x Al x N interfaced coherently to TiN is also hindered by the interfacial chemistry.
The nonvanishing multilayer binding energy in Ti 1−x Al x N/ TiN(001) (see Fig. 4 ) indicates that the atomic coordinates, especially at the interfaces, should show significant deviations from their ideal lattice positions, the so-called atomic relaxations.
The layer-resolved atomic relaxations (scaled, coherent B1 lattice) are shown in Fig. 5 . The ideal structures were considered at the volume of the fully relaxed structure for both the bulk and the ML case. The figure shows the . These local interfacial relaxations underline the fact that the interactions between the interfacial atoms along the growth directions differ from those in bulk Ti 1−x Al x N alloy. In multilayers one should use layer-resolved effective interactions to express the configurational energetics, and one expects a significant contribution from the on-site interactions; see Ref. [18] .
Let us now discuss the electronic structure of the studied system. Figure 6 compares the Ti-site d-orbital partial density of states (PDOS) at the Fermi energy ( F ) of the Ti 1−x Al x N slabs in the 6/6 ML with those in the bulk. The lower PDOS values in the ML mean increased Ti-Ti hybridization, which is explained as the stabilization effect in the bulk [12] . The figure shows that with increasing Al content, this electronic stabilization effect in the ML increases more compared to the bulk, which correlates well with the observed increased multilayer binding energy displayed in Fig. 4 . Since the increase of Ti-site projected DOS at F with increasing Al content indicates the increased tendency toward decomposition [12] in the bulk, we underline that this effect is clearly suppressed in the ML by means of more d−d hybridization.
IV. CONCLUSIONS
In this study, we investigated the mixing thermodynamics of cubic (B1) Ti 1−x Al x N/TiN(001) multilayers, and we showed that the mixing enthalpy is suppressed compared with bulk Ti 1−x Al x N by the interfacial effects. That is, the coherent interface with TiN was shown to stabilize Ti 1−x Al x N. We predict the largest effect around the composition where the mixing enthalpy of bulk Ti 1−x Al x N has its maximum. The decrease of the mixing enthalpy in the multilayers was then split into a strain and an interfacial chemical contribution, and both effects are equally important. The in-plane lattice mismatch between Ti 1−x Al x N/TiN(001) and AlN/TiN(001) was shown to correlate with the stabilization. The full strain contribution to the suppression was discussed on the basis of the structural properties of the multilayers. The fact that the lattice parameter and interlayer distances coherently expressed the stabilization effect of the structural misfit was suggested as a good partial measure of the relative energetics of the multilayers. We showed that the chemical effects result in large local atomic relaxations, especially for the Ti atoms on both sides of the interface. By calculating the electronic structure for the multilayer, we observe that the increase of Ti-site projected DOS at F with increasing Al content, known as the electronic origin of a strong tendency toward the decomposition in the bulk Ti 1−x Al x N, is clearly suppressed in the multilayer.
